Chlorellestadite (IMA2017-013), ideally Ca 5 (SiO 4 ) 1.5 (SO 4 ) 1.5 Cl, the Cl-end member of the ellestadite group was discovered in a calcium-silicate xenolith in rhyodacite lava from the Shadil Khokh volcano, Greater Caucasus, South Ossetia. Chlorellestadite forms white, tinged with blue or green, elongate crystals up to 0. 
Introduction
Chlorellestadite, ideally Ca 5 (SiO 4 ) 1.5 (SO 4 ) 1.5 Cl, was found in an altered calcium-silicate xenolith enclosed in rhyodacite lava from the Shadil Khokh volcano, Greater Caucasus, South Ossetia. It is a new mineral of the ellestadite group consisting of silicatesulfate apatites (Rouse and Dunn 1982) , belonging to the apatite supergroup (Pasero et al. 2010) . To date, the ellestadite group has been known to contain only three confirmed minerals:
-fluorellestadite Ca 5 (SiO 4 ) 1.5 (SO 4 ) 1.5 F, -hydroxylellestadite Ca 5 (SiO 4 ) 1.5 (SO 4 ) 1.5 (OH), and -mattheddleite Pb 5 (SiO 4 ) 1.5 (SO 4 ) 1.5 Cl.
The natural existence of chlorellestadite was long doubted mainly due to the lack of credible analyses (Rouse and Dunn 1982) and its species name was thus proposed discredited (Pasero et al 2010, p. 175) Now, the confirmed Cl-member of the fluorellestadite-hydroxylellestadite series supplements this group. All Ca-members of the ellestadite group have comparable optical and physical properties (Table 1) , whereas matthedlleite is quite different.
BChlorellestadite^was first described from Crestmore, California, USA (McConnell 1937) . Further studies revealed errors in his crystal chemical formula calculations. As later assessment has shown that hydroxyl dominates over chlorine Editorial handling: M. A.T.M. Broekmans and fluorine in ellestadite from Crestmore, this mineral is hydroxylellestadite (Rouse and Dunn 1982) . Synthetic chlorellestadite was first reported by Pliego-Cuervo and Glasser (1977) . Later, chlorellestadite was described as an intermediate high-temperature phase in Portland clinker (Chen and Fang 1989; Saint-Jean and Hansen 2005) and was used as a synthetic phase for production of new technological materials (Fang et al. 2011 (Fang et al. , 2014 . It merits noting that Cl-bearing ellestadite was reported from burned coal spoilheaps near Brno, Czech Republic (Sejkora et al. 1999 ) but, to date, Cl-dominant ellestadite had not otherwise been found in natural rocks.
Recent study of Cl-bearing minerals in altered xenoliths from the Shadil-Khokh volcano revealed a Cl-dominant member of the ellestadite group. This phase was investigated and the new mineral species chlorellestadite (IMA2017-013) was approved by the IMA Commission for New Minerals, Nomenclature and Classification -CNMNC in 2017.
The altered xenolith in which chlorellestadite was found is a pyrometamorphic rock formed under sanidinite facies (larnite sub-facies) conditions at temperature above 750°C and low, near-ambient pressure. A metasomatic alteration of primary silicate-carbonate xenolith affected by fluid and gas of volcanic origin, and enriched with chlorine, is responsible for the formation of chlorellestadite.
The type material of chlorellestadite is deposited in the mineralogical collection of the Fersman Mineralogical Museum, Leninskiy pr., 18/k2, 115,162 Moscow, Russia, under catalogue number 4975/1.
Methods of investigation
Chlorellestadite was initially identified as an unknown mineral by electron scanning microscope on polished sections prepared from several fist-sized xenolith samples that were collected during fieldwork in Summer 2012.
The crystal morphology and mineral assemblage of the chlorellestadite were assessed using an Olympus BX51 optical petrographic microscope, and a scanning electron microscope -SEM Phenom XL (Faculty of Earth Sciences, University of Silesia, Poland). Several locations suitable for analysis in an electron-probe micro-analyzer -EPMA were selected from a number of polished sections. A monomineralic chlorellestadite grain for single-crystal X-ray diffraction was extracted from a polished section using a preparation needle.
The chemical composition of the chlorellestadite was determined using a CAMECA SX100 equipped with one EDS detector and five WDS detectors with LIF, PET and TAP crystals located at the Institute of Geochemistry, Mineralogy and Petrology, University of Warsaw, Poland. The EPMA instrument was operated at~3·10 −6 Torr, 15 kV acceleration voltage, 10 nA beam current (measured with a Faraday cup) and 5-8 μm diameter as confirmed by the beam imprint on the specimen. The beam was intentionally defocused to reduce migration of, in particular, Na, F, and Cl (see e.g., Le Roy and Roinel 1983; Morgan and London 1996) . The instrument was internally calibrated against the following mineral standards: wollastonite -Ca, Si; baryte -S; fluorapatite -P, F; albite -Na; tugtupite -Cl, and all elements were measured on their Kα lines. Contents of other elements are lower detection limits. Raw data were ZAF-corrected using the PAP-protocol (Pouchou and Pichoir 1985) , and element contents were converted to oxides assuming stoichiometry. Main oxide contents in wt% were recalculated into atoms per formula unit based on 8 cations and 12O (Table 2) . Single-crystal X-ray diffraction on an extracted chlorellestadite grain approximately 20 × 20 × 20 μm in size was carried out using a SuperNova Dual diffractometer with a (Sheldrick 2015) to R1 = 3.56%. Refinement including anisotropic atom displacement-parameters (excluding anions in in channel sites) was carried out with neutral atom scatteringfactors (see Table 3 , 4, 5 and 6). Raman spectra of the chlorellestadite were recorded on a WITec confocal Raman microscope CRM alpha 300 (Institute of Material Science, University of Silesia, Poland) equipped with an air-cooled solid-state laser emitting at 532 nm (green), and a CCD camera operating at −58°C. Raman scattered light was focused onto a multi-mode fibre (50 μm diameter) and monochromator with 600/mm grating. The monochromator spectrometer was calibrated using the Raman scattering line of a silicon plate (520.7 cm were collected and averaged.
Occurrence and description of chlorellestadite
The altered xenolith of carbonate-silicate rock in which the chlorellestadite was found is enclosed in rhyodacite lava on the north-west slope of the Shadil-Khokh volcano, the Kel' volcanic plateau, Great Caucasus Mountain Range, Southern Ossetia (42°32′32.5″N, 44°17′50.7″E). This xenolith had been found in 2010 by V.G. and preliminary data on geological occurrence and mineral assemblage were published by Gazeev et al. (2012) . The visible part of the xenolith is about 1.5 × 3 m in size and its interior is composed of coarse-grained brownish-grey marble. Along its periphery, the xenolith is more compact and consists of fine-grained skarn rock of variable color ( Fig. 1 ; Galuskina et al. 2015) . The thickness of the outer zone reaches about 20-30 cm, but the transition is gradual and indistinct. The same xenolith is also the type location for gazeevite, BaCa 6 (SiO 4 ) 2 (SO 4 ) 2 O, which was simultaneously found in pyrometamorphic larnite rocks of the Hatrurim Complex in Israel (Galuskin et al. 2017 ). In addition, this is also the second known location of eltyubyuite, Ca 12 Fe 10 Si 4 O 32 Cl 6 (Gfeller et al. 2015) , the rare Ca-humites kumtyubeite, Ca 5 (SiO 4 ) 2 F 2 , and fluorchegemite, Ca 7 (SiO 4 ) 3 F 2 , as well as of dargaite, BaCa 12 (SiO 4 ) 4 (SO 4 ) 2 O 3 (Galuskin et al. 2017) . Ellestadite-group minerals are to be found throughout the skarn of the xenolith, but Cl-OH-bearing fluorellestadite is prevalent . F-OH-bearing chlorellestadite is confined to light fragments of spurrite rock with dark-green spots and light-brown zones along fractures (Fig. 1) . Chlorellestadite as well as spurrite occur as rock-forming minerals (Fig. 2a) . The former is extensively replaced by ettringite and a fine-grained mixture of minerals such as tobermorite, jennite, afwillite and unidentified hydrosilicates. Some fragments of rock are enriched with larnite relics, rondorfite grains and minerals of the wadalite-chlormayenite series and secondary hydrocalumite (Fig. 2b) . Srebrodolskite, baryte, magnesioferrite-spinel series and periclase replaced by brucite are accessory minerals. Calcite is occasionally present. Green fragments of rock contain a considerable amount of oldhamite, replaced by ettringite, and minerals of the jasmundite-Balinite^series (Fig. 2c) . BAlinite^is the chloride analogue of jasmundite known as a component of Bg r e e n^c e m e n t s , t o w h i c h t h e f o r m u l a Ca 10 Mg 0.7 □ 0.3 [(SiO 4 ) 3.6 (AlO 4 ) 0.4 ]O 2 Cl is attributed (Neubauer and Pöllmann 1994) . In light-brown fragments, Fe-bearing wadalite and srebrodolskite are more commonly observed in the vicinity of fractures, in addition to grains of gazeevite, dargaite, rusinovite, eltyubyuite, Balinite^, as well as potentially new minerals not formally approved by IMA-CNMNC with the compositions Ca 3 SiO 4 Cl 2 or Ca 4 Fe 2 O 6 Cl 2 (Fig. 2d) , here referred to as the anthropogenic phases Balbovite^and Btorbakovaite^, respectively (Chesnokov et al. 1993a) . That, unfortunately, Balbovite^is unstable and disintegrates upon exposure to the atmosphere, and Btorbakovaite^only forms very small grains up to 5 μm, has challenged reliable assessment of these phases.
Chlorellestadite forms inhomogeneous, porous, elongate grains up to 0.2-0.3 mm in length, partially replaced by secondary minerals, commonly represented by spherolitic aggregates (Fig. 2a, b) . That the size of the single crystal fragment we were able to extract is below 30 μm, raises difficulties in the study of chlorellestadite.
In hand sample, chlorellestadite appears off-white with a bluish-greenish hue, and has a white streak and vitreous lustre. In thin section, chlorellestadite is colorless, transparent and not pleochroic. It shows no fluorescence in SW and LW ultraviolet illumination. Vickers nano-indentation hardness (n = 4, maximum load: 20.00mN) averages to VHN = 443, which is about 4-4.5 on the Mohs hardness scale, i.e., slightly harder than fluorite. Cleavage is indistinct parallel to elongation. No parting was observed though the mineral is brittle and shows an irregular fracture. Due to small size of the chlorellestadite crystals and the presence of 1.5 Cl. The slight deficiency of sulphur in the empirical crystal chemical formula of chlorellestadite may be attributed to the presence of minor CO 3 in the tetrahedral site, which seems confirmed by Raman spectroscopy (see Fig. 5b ). In 2016, a CO 3 -bearing member of the hydroxylellestadite-hydroxylapatite series was described from Tadano, Japan (Banno et al. 2016 
Structure of chlorellestadite
The crystal structure of natural chlorellestadite is nearly identical to that of its synthetic analogues. Differences are observed only in anion channel sites (Fang et al. 2011 (Fang et al. , 2014 . Unit-cell parameters of the natural chlorellestadite described here (P6 3 / m, a = 9.6002(2), c = 6.8692(2) Å, V = 548.27(3)Å (Fig. 3a) . The anion sites in the centre of channels with coordinates (0,0,z): ClA (z = 0.05), ClB (z = 0.14) and F(z = 0.25) (Fig. 3b) (Hughes et al. 1990 ). In chlorapatite with compositioñ Ca 5 (PO 4 ) 3 [Cl 0.85 (OH 0.15 )], the ClA site occurs at z = 0.06, ClB -at z = 0.10 and (OH) -at z = 0.18 (Hughes et al. 2016) . In synthetic chlorellestadite, the Cl position occurs at z = 0.07 and splitting of Cl over two sites seems absent (Fang et al. 2014 ). In the studied chlorellestadite, there are distances: Ca2-ClA = 2.82 Å, Ca2 -ClB = 2.58 Å and Ca2 -F = 2.50 Å ( Fig. 3b; Table 6 ). The distance between Ca2 and ClB is shorter in comparison with typical Ca-Cl distances (Kelly et al. 2017) , which seems to imply mixed occupation Cl + OH(F) of this site. Probably, the presence of Cl at the ClB site is balanced by splitting of the Ca2 site, which is known for chlorapatite (Hughes et al. 2016; Kelly et al. 2017 ). However, this type of site splitting was not observed in the chlorellestadite from South Ossetia. Calculation of channel site occupation with regard to electronic density, channel anion sum = 1 pfu and mixed character of ClB site occupation gives a structural formula with relatively higher Cl content -1 cm Fig. 1 Type specimen containing chlorellestadite. For description of zonation, see text Interestingly, the refinement of the chlorellestadite structure using anisotropic displacement parameters (this solution was used in the check-list for new mineral) for all atoms allowed definition of only Cl positions in channels: ClA (z = 0.07) and ClB (z = 0.19), which gave the structural formula Ca 5 (SiO 4 ) 1.5 (SO 4 ) 1.5 Cl 0.59 (OH,F) 0.41 , which is closer to the empirical formula (Table 2 ). Higher Cl contents in the structural formula of chlorellestadite can be ascribed to both high crystal inhomogeneity and artefacts caused by small size of the studied crystal. The fragment of chlorellestadite crystal for structural study was extracted from a small spherolithic aggregate~60 × 120 μm in size, on which 11 microprobe analyses were performed using a broader beam to minimize S loss (Table 2 ). It is possible that part of Cl was also lost (Cazaux 1996; Stromer et al. 1993) . A sequence of channel site occupation preserving symmetry based on ratio of site occupation and real interatomic distances is shown in Fig. 4 . It is similar in Cldominant apatites, which display a splitting of the Cl site (Hughes et al. 2014a (Hughes et al. , b, 2016 . In the synthetic chlorapatite-chlorellestadite series, a splitting of the Cl site is observed only in chlorapatite (Fang et al. 2014) . The СlA-ClB distance is 2.81 Å in the studied chlorellestadite (Fig. 4) is shorter than the typical Cl-Cl distance of~3-4Å (Vener et al. 2013) , which confirms our assumption about mixed Cl + OH(F) occupation of the ClB site.
There exists the following structural data for the ellestadite group minerals: hydroxylellestadite from Cioclovina Cave, Romania (P 6 3 / m, a = 9.496(2), c = 6.920(2) Å, V = 540.4 Å 3 ; Onac et al. 2006) ; Crestmore, California, USA (P2 1 /m, a = 9.5224, b = 9.5268, c = 6.9087 Å, β = 119.9483°, V = 531.48 Å 3 ; Hughes and Drexler 1991) and Chichibu, Japan (P2 1 /m, a = 9.476(2), b = 9.508(2), c = 6.919(1) Å, β = 119.53°, V = 542.41 Å 3 ; Sudarsanan 1980). The symmetry reduction of hydroxylellestadite relates to F, Cl and (OH) ordering in channel sites as well as cation ordering in tetrahedral sites (Sudarsanan 1980; Hughes and Drexler 1991) . Our structural data does not allow any statement about symmetry reduction of the chlorellestadite from Southern Ossetia.
R e c e n t l y, a m i n e r a l o f t h e h y d r o x y l a p a t i t ehydroxylellestadite series with a high CO 3 content was described by Banno et al. (2016) . This points to the possibility of finding a CO 3 -analogue of hydroxylellestadite Ca 5 (SiO 4 ) 1.5 [(CO 3 ),(SO 4 )] 1.5 (OH,Cl,F). In the Raman spectrum of chlorellestadite, the band at 1078 cm −1 can be an overlaying of ν 3 (SO 4 ) and ν 1 (CO 3 ). We cannot exclude a negligible amount of CO 3 in the composition of chlorellestadite, but that does not change the common crystal chemical interpretation. Fig. 2 Chlorelletadite and associated minerals in dark-green (a, c) and light (b, d) zones of host rock. BSE images. Alb -albovite, Els -chlorellestadite, Ettrettringite, Hcl -hydrocalumite, Hsi -unidentified Ca-Al-Mghydrosilicates, Jsm -jasmundite, Lrn -larnite, Maychlormayenite, Old -oldhamite, Per -periclase, Rnd -rondorfite, Sbr -srebrodolskite, Spuspurrite
Raman spectroscopy of chlorellestadite
The Raman spectrum of holotype chlorellestadite (Fig. 5 ) is analogous to other spectra of the ellestadite group minerals (Harada et al. 1971; Livingstone et al. 1987; Onac et al. 2006) . The main bands correspond to the Si-O and S-O vibrations in tetrahedral sites. The spectrum of chlorellestadite can be divided into two regions: 150-700 cm −1 (a) and (b) 700-1200 cm −1 .
The first region (a) is characterized by the appearance of many overlapping bands marked by low-intensity. Relatively intense bands at 649 and 630 cm − 1 are in this range; they correspond to the ν 4 bending vibrations connected with the SO 4 2− group (Onac et al. 2006) . Two lower intense bands at 536 and 572 cm −1 are related to the ν 4 vibrations caused by SiO 4 4− groups (Onac et al. 2006) . Between 500 and 350 cm , respectively (Arkhipenko and Moroz 1997; Comodi et al. 2016) . Weak bands occurring in the 1070-1150 cm −1 region correspond to the combination of ν 3 antisymmetric stretching vibrations of SiO 4 and SO 4 groups (Comodi et al. 2016) . Presumably, ν 1 vibrations of CO 3 groups have a share in the band at 1078 cm −1 (Banno et al. 2016 ), but CO 3 -group content is insignificant and was not taken into consideration in the calculation of the chlorellestadite crystal chemical formula. Both spectra of F-Cl-bearing hydroxylellestadite and OHCl-bearing fluorellestadite from the xenolith from the ShadilKhokh volcano have bands in the 3500-3600 cm −1 range related to the presence of a hydroxyl group in the channel sites (Onac et al. 2006; Comodi et al. 2016) . In this range, the fact that the chlorellestadite spectrum does not show bands reflects the low water content in the chemical composition of the studied fragment of the mineral. Probably, the relatively large and heavy Cl prevailing in the structural channel influences the character of the OH group vibrations.
Discussion
In the preliminary study of the Shadil Khokh xenolith, Gazeev et al. (2012) listed only rondorfite and secondary-phase hydrocalumite as Cl-bearing minerals components (Gazeev et al. 2012) . Later, eltyubyuite and rusinovite were described in cuspidine-bearing veins together with hydrocalumite (Gfeller et al. 2015) . Our investigations revealed a considerably greater number of Cl-bearing minerals in the xenolith, namely, chlorellestadite, the chlorine analogue of jasmundite, chlormayenite-wadalite series, Balbovite^and Btorbakovaite^.
BAlbovite^and Btorbakovaite^were described by Chesnokov et al. in 1993 and who associated their formation with the high-temperature alteration of carbonatized wood in a Clbearing environment in burnt coal heaps (Chesnokov et al. 1993a (Chesnokov et al. , b, 2008 Chesnokov et al. 2008) . The external part of the xenolith and the thin endoskarn zone (up to 1 cm) developed after the volcanic rock was enriched in chlorine. Some samples from the near-contact part of the xenolith exhibit well-defined zoning: dark zones with Mg-bearing minerals such as merwinite, bredigite, rondorfite, spinel-magnesioferrite and light zones with predominant Caminerals -spurrite, minerals of the ellestadite series and Cahumites . In both zone types, varying amounts of larnite, minerals of the chlormayenite-wadalte series and srebrodolskite are also present. Calcite marble occurs in internal part of the xenolith. It is assumed that this relatively large xenolith originated from the walls of the volcanic neck and, for some time before it was moved in lava to the surface, was in an area most exposed to volcanic gases. The process of xenolith alteration likely began with the recrystallization of the carbonate-silicate protolith and the formation of minerals in contact with hot lava. Volume change and fracture development associated with this early stage, in turn, aided intensive processing of near-contact parts of xenolith by volcanic gases and fluids. Minerals with high chlorine contents such as rusinovite (Cl~7 wt%), Balbovite^(Cl~24 wt%), Btorbakovaite^(Cl~16 wt%) and eltybyuite (Cl~10 wt%) developed in the vicinity of fractures mainly whereas, in the A B Fig. 5 Raman spectrum of chlorellestadite: a -full spectrum in the 100-3800 cm −1 range; bpeak-fitted spectrum in the 100-1300 cm −1 region. Thick grey line -original spectrum. Thick-red line -fitted spectrum. Thin darkgrey line -peaks groundmass of rock, chlorine occurs in minerals of the ellestadite (up to Cl~5 wt%), of the chlormayenite-wadalite (Cl~4-6 wt%) series and in rondorfite (Cl~7 wt%).
Volcanic exhalations are the most probable source of chlorine in the xenolith minerals. Chlorine is a common constituent of volcanic gases and aqueous intrusions (Kuroda and Sandell 1953; Yoshida et al. 1971; Kanazawa et al. 1997) . Hydrogen chloride formed at high temperatures by the reaction Cl − + H 2 O ↔ HCl + OH − (Kuroda and Sandell 1953 ) is one of the four most common constituents of hightemperature volcanic emissions; the others are H 2 O, CO 2 and sulphur compounds (Pyle and Mather 2009) . Chlorides separate out and are released from ascending magma at relatively shallow depths due to pressure loss and melt crystallization as the magma ascends in the vent and erupts (Aiuppa et al. 2009; Chevychelov et al. 2008) . The temperature of chlorellestadite genesis can be comparable to that of synthetic chlorellestadite which forms at 965-1165°C (von Lampe et al. 1989; Saint-Jean and Hansen 2005) . That temperature also corresponds to the temperature of wadalite formation (Kanazawa et al. 1997) , which occurs associated with chlorellestadite.
